In this study, we developed a new method to perform 3-D measurements between 2 the recorded B-scans using the corresponding spatial location and orientation of each B-3 scan without the need to create a 3-D volume. A portable ultrasound scanner and an 4 electromagnetic spatial locator attached to the US probe were used. During data collection, 5 the ultrasound probe was moved over the region of interest. A small number of B-scans 6 containing interested anatomical information were captured from different body parts and 7 displayed in a 3-D space with their corresponding locations recorded by the spatial locator. 8
Introduction
at 25 frames/sec. Meanwhile, the 3-D position and orientation of the spatial sensor which 1 was attached to the probe of the ultrasound scanner were sensed and transferred to the 2 computer through RS232 serial port. The digitized B-scans and the spatial data read from 3 the spatial sensing device were synchronized during data acquisition and the ultrasound 4 images were displayed by the software on the PC screen with respect to their corresponding 5 3-D spatial positions and orientations. 6 7 Calibration 8
In order to achieve accurate 3-D localization for each collected B-scan, calibration 9 of this freehand 3-D ultrasound system was conducted. There are normally two kinds of 10 calibration experiments, i.e. temporal calibration and spatial calibration ; 11 Huang et al. 2005) . In this study, since only a number of B-scans instead of a continuous 12 sequence were captured, we did not continuously record the B-scans and spatial data in a 13 very high frame rate. Our previous study demonstrated that there was a 4.7±4. 4 
ms time 14
delay between the ultrasound data stream and the spatial data stream using the portable 3-D 15 ultrasound imaging system (Huang et al. 2005 ). This time delay could be ignored in the 16 current study, as the ultrasound probe was nearly still when an interested image was 17 recorded. The purpose of the spatial calibration is to establish the spatial transformation of 18 coordinates from the ultrasound image plane to the spatial sensor. In this study, a cross-19 wire phantom (Barry et al. 1997 ) was used for the experiment of spatial calibration. Two 20 cotton wires were crossed in a water tank. In each experiment, around 60 B-scans as well 21 as the corresponding spatial information, were recorded from different directions. The 22 cross was clearly displayed in each of the B-scans. The position of the cross in each B-scan 23 plane was manually marked and then used to calculate the spatial relationship between the 1 image plane and the spatial sensor using a Levenberg-Marquardt nonlinear algorithm 2 (Prager et al. 1998 ). In our previous report (Huang et al. 2005 ), three phantoms with 3 regular shapes were used quantitatively to assess the accuracy of the system. The average 4 errors in three orthogonal directions were 0.1±0.4 mm, -0.3±0.3 mm and 0.3±0.4 mm, 5 respectively. 6 7
Data acquisition 8
During the freehand scanning, the operator could move the ultrasound probe freely 9 over the subject's skin. The captured B-scan images could be displayed in 3-D space with 10 respect to the spatial data stream simultaneously read from the spatial locating device in 11 real time. The B-scan images as well as their 3-D localizations could be observed during 12 examination. If a B-scan contained valuable diagnostic information, it could be recorded 13 with its corresponding spatial information. Usually, more than one B-scan would be 14 recorded for studying the spatial relationships among different tissue components of the 15 interested body parts, as shown in Fig. 2a . The images of the tissues could be captured in 16 arbitrary directions as long as it was useful for the visualization and analysis. Image 17 processing techniques were also developed to adjust the brightness and the contrast of B-18 scan images, to remove noise using Median (3×3 or 5×5 pixels) and Gaussian (δ = 0.5 -2.0, 19 kernel size = 3×3 or 5×5 pixels) filters, and to select region-of-interest (ROI). In addition, 20 the B-scan images could be obtained from multiple body parts for the measurement across 21 different tissue components inside these body parts, such as the forearm and the shoulder. In order to demonstrate the measurement accuracy of this new method, we designed 1 a phantom for the validation experiments. As shown in Fig. 3a , the phantom was comprised 2 of three plastic cylinders with different dimensions. Three holes (radius = 1 mm) were 3 drilled on the surface of each cylinder of the phantom as markers for the length 4 measurement. The dimensional information including the distances between the markers 5 and the angles between different cylinders were first measured by a micrometer. In this 6 paper, three distances ( Fig. 3b) were measured among three markers for 5 times on the 7 three cylinders, respectively. The angles between different cylinders were also measured 8 using the approach described as follow. As shown in Fig. 3 , the angles between connected 9 cylinders (A and B, and B and C) were arranged to be 90° and a protractor was used to 10 measure the exact angles for 5 times. To measure this angle between the two unconnected 11
cylinders A and C, we placed cylinder C parallel to the surface of a flat table and measured 12 the length of L and the height of H using the micrometer, as indicated in Fig. 3c . The angle 13 could be obtained by calculating the arc tangent of the ratio of H and L. Five sets of 14 measurements were performed to obtain this angle. In addition, the plastic phantom was 15 placed in a container which was later filled with gelatine (Xilong Chemical Factory, 16 Shantou, Guangdong, China) to mimic the limb joint, as illustrated in Fig. 3d . The 17 cylinders could be assumed to be bones and the gelatine to be soft tissues. In each 18 experiment, three B-scans, in which the three cylinders could be clearly displayed, were 19 acquired (Fig. 3e ). 3-D measurement was then conducted using the proposed method. five sets of B-scan ultrasound image were collected from the interested portions of the 7 lower limb. In addition, two US tests were conducted for each subject before and after MRI 8 experiments respectively in two different days (3 days apart). The measurement results of 9 the US tests performed by the two operators were used to demonstrate the reproducibility 10 and repeatability of the proposed methods using intra-class correlation coefficient (ICC). 11
The confidential interval for mean difference between US and MRI measurements was 12 calculated using two-sample t-tests at 95% significant level (SPSS, SPSS Inc., Chicago, IL, 13 USA). Assuming that the mean of MRI measurements for each subject is the true value, the 14 mean percentage difference between the results of US and MRI measurements were 15 calculated to demonstrate the accuracy of our measurement method. 16 
17

Results
18
Validation results 19 Table 1 presents the results measured by the ultrasound system in comparison with 20 those obtained by the micrometer. The mean error of the distance measurement using the 21 ultrasound method was -0.8±1.7 mm (-2.3±3.6%) and the mean error of the angle 22 measurement was -0.3±2.9° (-0.1±4.1%) at 5% level of significance. It was observed that 23 measurement between the US and MRI methods were 1.4±1.7° (2.0±2.5%), 1.4±2.9° 1 (2.3±4.8%), and 2.0±1.9° (3.2±3.1%) at 95% level of significance. With the assumption 2 that the mean values of MRI measurements were true, the overall difference of the length 3 measurement was 0.4±1.3 mm (0.8±2.2%) and that of the angle measurement was 1.6±2.2° 4 (2.5±3.6%). The relatively larger error in angle measurement might be due to the difficulty 5 to maintain the subject's ankle at the exactly same position during the ultrasound and MRI 6 scanning, though the same ankle-foot orthosis was used to fix the subjects' lower limbs. 7
The repeatability and reproducibility of measurement using the US method are 8 presented in Table 3 . It is shown that the US measurement offered low inter-and intra- experiments, the differences in the distance and angle measurements using the proposed 7 US method and MRI volume data were 0.8±2.2% and 2.5±3.6%, respectively. The Table 1 . Comparison of the results obtained from the validation phantom. Distance 1, 2 and 2 3 are the three distances labelled in Fig. 3 (b) . Angles 1, 2 and 3 denote the angles between 3 cylinder A and C, A and B, and B and C, respectively. The results are presented in 4 mean±SD. 5 6 
